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This  paper  reports  a transparent  Ti  microelectrode  array  (MEA)  system  for  a high-throughput  evaluation
of  bioresponsibility  using  electrochemical  impedance  spectroscopy  (EIS).  The  MEA chip  integrated  with
hydroxyapatite  (HA)  and  Ag coatings  was  selectively  prepared  by  electrochemical  deposition  based  on
a novel  procedure  of multichannel  current  control.  The  EIS  measurement  of  living  MG63  osteosarcoma





corresponding  to  a titanium  oxide  film,  protein  adsorption  layer,  cell  adhesion  layer,  and  medium.  It is
shown that  the  bioresponsibility  of  Ti–Ag–HA  on  the  MEA  chip  can be  improved,  compared  with  the  Ti,
Ti–HA,  and  Ti–Ag  coatings.  The  system  was  further  used  for  real-time  EIS  monitoring  during  continuous
cell  culture  for a long  period  (12 days).  The  effect  of  the long-term  cell proliferation  on  the  EIS behavior
was  discussed.  This  integrated  system  is  valuable  to significantly  simplify  the  operation  procedures  and
esponquickly  evaluate  the  bior
. Introduction
Metallic materials have been widely used in clinical surgery as
asic implant biomaterials. Among the various materials currently
mployed, titanium has been extensively applied biomedically
ecause of its good biocompatibility and excellent corrosion resis-
ance [1,2]. Enhanced bioactivity of titanium-based materials can
e achieved by applying some biomaterial coatings on their
urfaces for dental and orthopedic implant applications. Hydroxy-
patite (HA) coatings, as a bone-like material, are most attractive
ecause of their ability to improve osseointegration and osteocon-
uctivity of titanium-based materials [1,3]. However, the success
nd long-term survival of such implants are dependent not only
n the bone-implant osseointegration but also on the presence of
acteria surrounding the implants. Bacterial infection after implant
lacement is a significantly growing complication [4].  Silver metal
nd silver ions have been known as effective antimicrobial agents
or a long time. To reduce the incidence of implant-associated
nfection, several biomaterial surface treatments with silver have
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been proposed in the preparation of multifunctional composite
Ti–Ag–HA biomaterial [4,5].
When implant materials are introduced into a human body,
the surface first makes contact with the living tissue [6].  Tissues
consist of cells that generate various kinds of extracellular matrix
containing proteins and glycosaminoglycans [7].  The interaction
between the cells and the material approximately determines the
bioactivity of implant materials in the human body. In situ electro-
chemical impedance spectroscopy (EIS) studies on the interfacial
interaction between living cells and Ti was  carried out by several
groups [6–10] to monitor the in situ growth process of living cells
on Ti. The EIS measurement, including the electric cell-substrate
impedance sensing method, is an in situ, real-time, sensitive, non-
destructive, and quantitative electrochemical technique, by which
the true surface characteristics interacting with living cell can be
obtained without interfering with the living process of cell on sur-
faces. A number of studies concerning EIS measurement of gold,
indium tin oxide, Ti–TiO2, Ti, or Ti-based alloy in simulated human
body environment or culture medium with or without living cells
have been reported [6–15]. The electrochemical behavior of living
cells cultured on Ti–HA, Ti–Ag, and Ti–Ag–HA composite biomate-
rials has not been investigated till now, though the EIS behavior of
live cells on Ti and its alloy has been evaluated.
Traditional in situ EIS measurement of cell–Ti interaction under
complicated operation is time consuming and has a low through-




























































F. Zhang et al. / Electroch
igh-throughput electrochemical microelectrode array (MEA)
iochip is now available to study the cell–Ti interaction. MEA  chip
nd mini electrolytic cell can efficiently reduce the experimental
ost and time consumption. Combined with traditional microscopy
bservation, MEA  chip allows multiple electrode recordings for
tatistical data correlation with homogenous samples and multi-
hannel current control for selective electrochemical deposition.
everal laboratories have developed the capability to perform non-
nvasive extracellular recordings on various kinds of MEA  chips
17–20]. Moreover, several companies offer commercially avail-
ble MEA  chips with associated desktop instrumentation [17]. Over
he past decade, a lot of MEA  chips have been widely used in var-
ous studies, including neuronal communication, drug discovery,
iffusion of chemical species in solid electrolyte and electrolyte
olutions, and chemical and biochemical sensing [17–21].  To date,
o comprehensive studies have been conducted that combine the
igh-throughput transparent Ti MEA  system with real-time EIS
onitoring of the interaction between cells and multifunctional
omposite biomaterial Ti–Ag–HA for bioactivity evaluation. Thus,
his work describes how to fabricate a transparent Ti MEA  chip
ntegrated with HA and Ag using selective electrochemical deposi-
ion, allowing synchronous monitoring of the living cells on Ti–Ag,
i–HA, Ti–Ag–HA and Ti with in situ real-time EIS and optical
icroscopy in the novel and convenient devices. Comparison of
he EIS behaviors of MG63 cells on Ti, Ti–Ag, Ti–HA, and Ti–Ag–HA
ill provide a high throughput evaluation of bioresponsibility for
arious biomaterials.
. Experimental
.1. Fabrication of the MEA  chips
The MEA  was fabricated from a 1 mm-thick glass slide with size
f 2.3 cm × 3.5 cm using photolithography and wet  etching. The
icrochip consisted of 16 small (40–1000 m)  Ti square work-
ng electrodes. The MEA  chips were prepared according to the
ollowing procedure: the glass slides were cut in half, soaked in
hromium acid lotion containing 21 g K2Cr2O7, 333.3 ml  H2SO4,
nd 66.67 ml  deionized (DI) water overnight and then rinsed by
I water. Subsequently, each sample was ultrasonically cleaned
wice consecutively with acetone, ethanol, and DI water for 5 min
nd then dried. The Ti thin films were deposited on the glass using
he ultra-high vacuum e-beam evaporation to control the thick-
ess of 30 nm.  The Ti thin films were spun-coated with photoresist
P 212 (Beijing Kehua Fengyuan Microelectronic Tech. Co., Ltd.,
hina). After exposure and development, the photoresist features
ere used as a mask to etch the Ti thin films in an etchant con-
aining 1 vol% HF and 12 vol% HNO3 (8 ml  HF and 59.04 ml  HNO3 in
52.96 ml  DI water). Subsequently, the photoresist was removed
sing acetone and ethanol wash. Another photolithography step
as then performed in an aligner to open square holes at the cen-
er of the microelectrodes and the pads to expose certain parts of
ll the microelectrodes and the bond pads. The rest of the elec-
rode area under photoresist was then hard-cured at 140 ◦C for
5 min  to stabilize the resist layer. Photoresist BP212 was  used as
 resist layer on the MEA  chip due to its insulated biocompatible
roperty.
.2. Electrochemical deposition
A two-electrode system was used in the electrochemical prepa-
ation of the HA coating. In the system, the Ti microelectrodes in
he MEA  chip were used as working electrodes, and a platinum
ire in a 4 cm-diameter circle served as a counter electrode. The
lectrolyte contained 4.2 × 10−4 mol  l−1 CaCl2, 2.5 × 10−4 mol  l−1Acta 85 (2012) 152– 161 153
NaH2PO4, and 0.1 mol  l−1 NaCl, and its pH was  adjusted to 6.30
by 0.1 mol  l−1 NaOH. The HA coating preparation was  performed
using AUTOLAB PGSTAT 30 (Eco Chemie) or the Ivium Compact-
Stat electrochemical workstation. Set in galvanostatic mode, the
cathodic current density of −2.0 mA  cm−2 was controlled. The pro-
cess lasted for 5 min  at 80 ◦C. After the deposition, the samples were
rinsed three times using water and subsequently dried in air [22].
The Ag nanoparticles were prepared by the pulsed-current
deposition (PCD) method using a two-electrode system composed
of a Ti working microelectrode in the MEA  chip and a Pt wire
counter electrode in a 4 cm-diameter circle. The MEA  chip was
immersed in an aqueous solution containing 0.01 mol  l−1 AgNO3
and 0.1 mol  l−1 NaNO3. PCD was carried out at room temperature
using the AUTOLAB PGSTAT 30 (Eco Chemie) or the Ivium Com-
pactStat electrochemical workstation. PCD of the Ag nanoparticles
was carried out in the MEA  chip between −30 and −60 mA  cm−2
under 0.1 s on-time and 0.3 s off-time pulse current, which lasted
for 100–400 cycles [23]. The pulse current and the cycle time were
controlled to produce Ag nanoparticles.
2.3. In vitro cell culture
MG63 human osteosarcoma cell line (CCTCC, China Center for
Type Culture Collection) was used for the in vitro test. The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10 vol% New Zealand Cosmic Calf Serum, 100 U ml−1
penicillin, and 100 g ml−1 streptomycin (all HyClone) and incu-
bated at 37 ◦C in a humidified atmosphere with 5 vol% CO2. The
samples sterilized in an autoclave were inoculated with MG63 cells
at a cell density of 5 × 104 cells ml−1.
2.4. In situ impedance measurement
The two convenient static and flowing devices were combined
with the MEA  chip, with which electrochemical measurement and
cell-culture are simultaneously performed. Living MG63 cells can
be simultaneously monitored by real-time EIS and microscopy
in the two devices. A potentiostat (AUTOLAB PGSTAT 30, Eco
Chemie BV, The Netherlands), combined with a frequency response
analyzer (FRA 2, Eco Chemie BV, The Netherlands) or Ivium Com-
pactStat electrochemical workstation, was used to perform the EIS
measurements at the open-circuit potentials of the test specimens
with a sinusoidal output potential difference of 5 mV  amplitude.
The FRA analyzer and method of AUTOLAB were used for the fitting
of Nyquist and Bode plots. The frequencies applied during the EIS
measurements were in the 105–10−2 Hz range. The EIS measure-
ments adopted the three-electrode system or the two-electrode
system without a reference electrode. The microelectrodes in the
MEA  chip were used as the working electrodes. A saturated calomel
electrode connected with a salt bridge and platinum wire in a
6 mm-diameter circle was used as the reference and counter elec-
trodes, respectively. The complete cell culture medium without
MG63 cells was used as the electrolyte for the EIS measurements
to determine the protein adsorption layer resistance. The Ag/AgCl
reference electrode induced a toxic effect of killing the cells after
17 h of incubation in our experiment. The toxic effect was magni-
fied in our home-made mini electrolytic cell with 150 l of DMEM.
To research further on real-time EIS of live cells, the two-electrode
system with Ti MEA  working electrode and Pt counter electrode
was employed. During the cell growth process, in situ EIS of the
specimens was  analyzed under different cell culture periods.2.5. Topographic images
The in situ atomic force microscopy (AFM) measurement
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opographic images were recorded in a non-contact mode. The
ime duration in obtaining one image composed of 256 lines
as approximately 4.27 min  at a scanning frequency of 1 Hz.
he in situ optical microscope images were collected using a
igital microscope (Keyence, VHX-600E), which attained a field
epth of at least 20 times greater than that of traditional optical
icroscopes.
ig. 1. Micrographs (a, b, d, e, g, h, j, and k) and AFM images (c, f, i, and l) of Ti microelectro
lectrode (a–c) on MEA chip in the size of 100 m × 100 m with different spacing: (d–f)Acta 85 (2012) 152– 161
3. Results and discussion
3.1. Fabrication of Ti MEA chip integrated with Ag and HAThe 30 nm-thick Ti film in the MEA  chip was used as the work-
ing electrode for electrochemical deposition of Ag and HA. Further
effect of spacing size of microelectrodes in the MEA  chip on the
des before (a, d, g, and j) and after (b, c, e, f, h, i, k, and l) PCD of silver on a depositing
 300 m;  (g–i) 700 m;  and (j–l) 1100 m.
































































Fig. 2. AFM images of Ag coating deposited on MEA  chips under different pulseF. Zhang et al. / Electroch
elective electrochemical deposition is discussed. Initially, the Ag
oating was deposited on a certain Ti microelectrode by PCD.
he black coating that appeared on the bright surface of the Ti
icroelectrode was observed with a microscope after the depo-
ition. The different Ti microelectrodes with small spacing size
n the MEA  chip were electrically connected by the conducting
olution. When current flowed through the depositing microelec-
rode resistance in the MEA  chip, the distribution current flowed
hrough another microelectrode resistance in the same MEA  chip
hrough the solution resistance between the depositing microelec-
rode and the other microelectrode during the PCD. So actually,
he electrochemical deposition was simultaneously performed on
ll the microelectrodes in the same MEA  chip. When the deposi-
ion of Ag nanoparticles on the microelectrode was  carried out at
30 mA cm−2 pulse current for 200 cycles, Ag nanoparticles were
ound on the other microelectrodes in the same MEA  chip at dif-
erent spacing, as shown in Fig. 1. However the amount of Ag
articles was greatly reduced with the increase in the spacing, indi-
ating too small size that is less than 300 m is not good for the
electively electrochemical deposition. To decrease the distribu-
ion current flowing through the non-depositing microelectrodes,
ower resistance of microelectrodes and higher solution resistance
ere chosen. The bigger the size of the microelectrode is, the
ower is its resistance. The larger the spacing between two different
icroelectrodes in a MEA  chip is, the higher is its solution resis-
ance. Thus, bigger microelectrode size and larger spacing between
wo adjacent microelectrodes in the MEA  chip were used to avoid
he mutual interference among the different microelectrodes. A
EA  chip with bare microelectrode size of 300 m × 300 m and
pacing of 500 m is used for further selective electrochemical
eposition and cell impedance research, and finalized after several
ttempts made in this study.
The size of the Ag particles can be effectively decreased by
ncreasing the pulse current and decreasing the number of cycles,
s shown in Fig. 2. When the pulse current lasting 200 cycles was
30 mA cm−2, the size of the Ag particles was close to 1 m.  When
he pulse current lasting 100 cycles was increased to −60 mA cm−2,
he size of Ag particles decreased to tens of nanometers. The silver
anoparticles were mostly monodispersed and spherical in shape.
his enhanced antibacterial effect resulted from the small size of
he nanoparticles, which may  help them directly interact with the
acterial cell membranes and with the intra-cellular proteins to
ause cell lysis, as well as inhibited certain cellular mechanisms
ital for the bacterial cells to survive [5].  So the parameters of 100
ycles and −60 mA  cm−2 were used for the further deposition of Ag
anoparticles.
The Ag and HA nanoparticles were, respectively, deposited on
he different microelectrodes in the MEA  chip by selective elec-
rochemical deposition using multichannel current control. The
rocedure for the multichannel current control for the selective
lectrochemical deposition is described as follows. Firstly, HA coat-
ng was applied on the four microelectrodes in the MEA  chip to
roduce Ti–HA surface by controlling the current. The electrochem-
cal deposition process of HA nanoparticles lasted for 5 min  at 90 ◦C
ith a cathodic current of −2.0 mA  cm−2. Afterward, Ag coating was
pplied on the other eight microelectrodes in the same MEA  chip
o produce the Ti–Ag surface. The Ag deposition was carried out at
60 mA cm−2 pulse current that lasted for 100 cycles. Finally, the
ame HA coating was applied on the four microelectrodes selected
rom the eight microelectrodes with Ag coating to produce the
i–Ag–HA surface.
The HA, Ag, and Ag–HA nanoparticles in the Ti MEA chip were
haracterized by AFM to determine the size of the nanoparticles,
s shown in Fig. 3. The height variation along a line in AFM images
an be used to estimate the thickness of coatings. The thickness of
g coating was less than 300 nm,  and the thickness of HA coatingcurrent and cycle: (a) −30 mA cm−2 and 200 cycles; (b) −60 mA cm−2 and 200 cycles;
and  (c) −60 mA cm−2 and 100 cycles.
was less than 400 nm.  However the thickness of Ag–HA coating
was less than 600 nm.  Obviously, the thickness of Ag–HA coating
were larger than those of HA or Ag coating. The root-mean-square
roughness parameter of Ti–Ag, Ti–HA, and Ti–Ag–HA surfaces
on an area of 25 m2 were 53.1, 48.8, and 103 nm,  respectively,
156 F. Zhang et al. / Electrochimica Acta 85 (2012) 152– 161
Fig. 3. AFM images of HA (a), Ag (b) and Ag–HA (c) composite coatings deposited
on a MEA  chip respectively under a pulse current of −60 mA  cm−2 lasting 100 cycles
for  Ag and a current of −2.0 mA cm−2 for HA.
Fig. 4. Experimental EIS data of Ti MEA chip in DMEM medium (black symbol) and
the corresponding fitting results (gray line) according to the equivalent circuit (c):
(a)  Bode diagram and (b) Nyquist diagram.
indicating different roughness for the different coating. The MEA
chip integrated with Ti, Ti–HA, Ti–Ag, and Ti–Ag–HA surfaces was
used for further real-time EIS research on living cells.
3.2. EIS of Ti MEA chip in complete DMEM without cells
In situ EIS was conducted in the static electrolytic cell with
complete DMEM without cells as electrolyte, 300 m-size Ti micro-
electrodes in the MEA  chip as working electrodes, Pt wire as counter
electrode, and a saturated calomel electrode connected with a salt
bridge as the reference electrode.
The experimental EIS data in the culture medium and the cor-
responding fitting results according to the traditional equivalent
circuit [8] are shown in Fig. 4. Satisfactory fitting results were
obtained, indicating that the equivalent circuit proposed in the
present study was  reasonable. The impedance (Z) in DMEM showed
an obvious plateau region at 105–103 Hz and linearly increased to
10−2 Hz. The phase shift () increased from 105–101 Hz, showed
two maximum peak points of −77.65◦ at 8.86 Hz and −76.72◦ at
0.0546 Hz, and slightly decreased at 10−2 Hz. The two  maximum
points indicated the existence of two  capacitors at the surface of
the Ti microelectrode in DMEM.  These capacitors corresponded
to the adsorption layer of proteins and the titanium oxide film
because titanium adsorbed proteins. Therefore, the equivalent
electric circuit, a series with one resistance of solution (Rmed),
two parallel circuits with one resistance (R) and one constant-
phase element (CPE or Q) of the titanium oxide film (Rox and
Qox), and the adsorbed protein layer (Rpro and Qpro), respectively,
(RoxQox)(RproQpro)Rmed were hypothesized in the Ti MEA  chip in
DMEM,  as shown in Fig. 4(c). Here, a frequency-dependent CPE
F. Zhang et al. / Electrochimica 
Table  1
Values from fitting the impedance plots in Fig.4 of Ti MEA  chip immersed in DMEM
medium without cells.
Element Value
Rox () 1.26 × 108
Qox
Y0 (F sn−1) 6.626 × 10−7
n 0.9534
Rpro () 7.32 × 105





















an be applied as capacitance of the interface layers instead of a
ure capacitance. The CPE is essentially a specific layer capacitance
hen the Q − n value is close to one [24]. Therefore, Q − Y0, which
s a constant in units −1 sn cm−2 or F sn−1 cm−2, is the capacity of
he film, and Q − n is the roughness coefficient related to capacity
25]. The values of the elements in the equivalent circuit after
tting are listed in Table 1. The resistance of the absorbed protein
ayer was about 7.32 × 105 .  Similar results were also obtained for
he other experimental EIS data of commercial pure titanium plate
n the culture medium with and without fetal bovine serum [7,8].
.3. EIS comparison of live cells in Ti MEA  chip integrated with Ag
nd HA
The integrated MEA  chip with a 300 m × 300 m bare micro-
lectrode and at a spacing of 500 m was used in the present study.
ig. 5. The EIS data of various surfaces on a Ti MEA  chip with microelectrode size
f 300 m × 300 m cultured with MG63 cells after 1 day incubation in the static
lectrolytic cell with cell culture medium: (a) Nyquist diagram and (b) Bode diagram.Acta 85 (2012) 152– 161 157
To research further on real-time EIS of live cells, the two-electrode
system with Ti MEA  working electrode and Pt counter electrode
was employed. The Ti MEA  chip integrated with Ag and HA can be
used for high-throughput investigation of the interaction between
cells and biomaterials using electrochemical measurement.
The MG63 cells were successfully cultured for 1 day in the pre-
pared electrolytic cell with the two-electrode system of MEA chip
integrated with Ti, Ti–HA, Ti–Ag, and Ti–Ag–HA surfaces as work-
ing electrodes and the Pt wire as a counter electrode. The in situ
EIS data of the live cells on the different biomaterial surfaces inte-
grated into the MEA  chip are shown in Fig. 5. The EIS curves of
the live MG63 cells on the four surfaces were similar. Based on
the impedance modulus (Z) variation in the Bode plot, the fre-
quency can be divided into three regions: high-frequency region
of 105–103 Hz, middle-frequency region of 103–100 Hz, and low-
frequency region of 100–10−2 Hz. In the high-frequency region, the
Z of Ti–HA and Ti–Ag had closely similar values higher than that
of Ti. In the middle-frequency region, the Z of Ti–HA was higher
than that of Ti–Ag, and the Z of Ti–Ag was  slightly higher than
that of Ti. In the high- and middle-frequency regions, Ti–Ag–HA
had the lowest Z. However, in the low-frequency region, the Z
of Ti–Ag–HA quickly became the highest, the Z of Ti–HA was
slightly higher than that of Ti–Ag, and the Z of Ti–Ag was slightly
higher than that of Ti. In further research about the fitting of EIS
of living MG63 cells in the MEA  chip integrated with the four
surfaces, the traditional equivalent circuit [8] was not able to
obtain satisfactory fitting results. More (RQ) parallel circuits were
observed to be better for the fitting. Finally, a new parallel circuit
attributed to a couple of resistance (Rcell) and capacitance (Qcell) of
Fig. 6. Model of the surface structure (a) on Ti MEA  chip cultured with MG63 cells
in  the novel convenient electrolytic cells with cell culture medium and the corre-
sponding electrically equivalent circuit Rmed(RoxQox)(RproQpro)(RcellQcell) (b).
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Fig. 7. Comparison of the values from fitting the EIS plots of various surfaces on a MEA  chip with the microelectrode size of 300 m × 300 m cultured with MG63 cells in
the  static electrolytic cell with cell culture medium.



































Values from fitting the EIS plots of Ti microelectrodes on a MEA  chip immersed in
DMEM medium with cells in Fig.7.
Element Value
Rox ( cm2) (4.41 ± 0.77) × 104
Qox
Y0 (F sn−1 cm−2) (1.4 ± 0.3) × 10−4
n 0.652 ± 0.014
Rpro ( cm2) 603 ± 228
Qpro
Y0 (F sn−1 cm−2) (2.56 ± 1.62) × 10−6
n 0.932 ± 0.023
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he cell adhesion layer was introduced and the equivalent circuit
RoxQox)(RproQpro)(RcellQcell)Rmed was used to obtain satisfactory
tting results, and the interface structure was assumed, as shown
n Fig. 6, according to the following reference data. Titanium has
urface oxide film in aqueous solutions and absorbs proteins and
mino acids. The cells generate extracellular matrix and adhesive
roteins. The adsorbed proteins and amino acids are partly within
he double layer [6–8].
After fitting and statistical calculation of EIS of the live MG63
ells on the MEA  chip integrated into the four surfaces, the his-
ograms of the element values in the equivalent circuit are shown
n Fig. 7. For comparison of the Z values, the same experiment was
erformed for four times. The Rpro value (6.7 × 105 ),  shown in
ig. 7 and similar to the value of the resistance (7.32 × 105 )  of the
dsorbed protein layer in Table 1, can be used to determine Rpro
nd Qpro attributed to adsorbed protein layer. The resistance Rcell
alue of 6.94 × 106  of the cell adhesion layer was higher than that
f the adsorbed protein layer because the cell adhesion layer was
hicker than the adsorbed protein layer. This condition can be used
o determine Rcell and Qcell attributed to the cell adhesion layer.
herefore, the equivalent circuit was a series with one resistance of
olution (Rmed) and three parallel circuits with one resistance and
ne CPE. One of the parallel circuits was attributed to a couple of
harge transfer resistance and capacitance of titanium oxide film
Rox and Qox). The second was attributed to a couple of resistance
nd capacitance of the protein adsorption layer (Rpro and Qpro). The
ast one was attributed to a couple of resistance and capacitance of
he cell adhesion layer (Rcell and Qcell). Here, a frequency-dependent
PE can be applied as capacitance of the interface layers instead of
 pure capacitance because the layers were heterogeneous due to
he non-uniform distribution of MG63 cells.The Ag and HA surface coatings had an effect on the increase
n the value of the elements in the equivalent circuit, includ-
ng Rpro, and Rcell. The increase in Rpro with Ag and HA coatings
as due to the prevention of the diffusion of ions and molecules
ig. 8. Micrographs of MG63 cells on Ti MEA  chip in the flowing electrolytic cell with tw
ays.Qcell
Y0 (F s cm ) (3.74 ± 2.66) × 10
n 0.776 ± 0.055
Rmed ( cm2) 1.13 ± 0.69
through the protein adsorption layer because the density of pro-
teins between the cells and the microelectrode surface increased
due to the good bioactivity of the coatings. The increase in Rcell
with Ag and HA coatings was caused by the more spreading mor-
phology, improved adhesion, and proliferation of the cells because
of the expected bioactivity of the coatings. Increase in the Rpro and
Rcell values indicated better bioactivity of the coating. Ti–Ag–HA
was considered as one with the best bioresponsibility because
of the highest Rcell value. The order of bioactivity listed as fol-
lows: Ti–Ag–HA > Ti–HA ≈ Ti–Ag > Ti, obtained according to the Rcell
value. Table 2 shows the calculated element parameters of the Ti
microelectrodes in our investigated system, which are comparable
with the published results in literature [6–9].
3.4. EIS monitoring of cell growth on Ti MEA chip
Using our flowing electrolytic cell, synchronous electrochem-
ical and microscopical measurements were performed on the Ti
MEA  chip during a long culture period of MG63 cells, and the effect
of the cells on the electrochemical interface structure was  consid-
ered. The micrographs in Fig. 8 show the proliferation process of
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he MG63 cells in the flowing electrolytic cell after different incu-
ation periods. The cells were found to proliferate well on the Ti
EA chip. The central square area was the exposed part of the Ti
icroelectrode, and the remaining area was covered by photoresist
P 212. After 2 days of incubation period [Fig. 8(a)], the Ti sur-
ace was not uniformly covered with cells, and the cell density of
he exposed Ti microelectrode was 3.2 × 104 cells cm−2. At a longer
ncubation period (4 days) [Fig. 8(b)], the exposed Ti surfaces were
ll covered by cells, and the number of cells significantly increased
i.e., cell proliferation occurred) to 7.6 × 104 cells cm−2. However,
he remaining area was partly covered by cells. The distribution of
he cells indicated that cells preferred the Ti surface to the photore-
ist. Eight days [Fig. 8(c)] after the Ti MEA  chip was inoculated with
ells, a confluent state was reached, and a thin regular cell mono-
ayer was formed on the Ti MEA  chip. In the next 4 days [Fig. 8(d)],
he cells unceasingly grew, and a multilayer cell film was observed.
During this growth course, the amount of cells in the Ti MEA
hip was increasing, resulting in increasing impedance modulus
specially in the low-frequency region of 101–10−2 Hz, as expected.
pplying the equivalent circuit (RoxQox)(RproQpro)(RcellQcell)Rmed
hown in Fig. 6 to fit the experimental impedance data of MG63
ell growth process on the Ti MEA  chip, the electrical elements in
he circuit were simultaneously adjusted to obtain the optimal sim-
lation results. Fig. 9 shows two of the electrical elements of the
i MEA  chip cultured with cells after different incubation periods.
he Rmed and Rcell values in 4 days of incubation period were
.6 × 103 and 2.2 × 106 ,  respectively. When a multilayer cell film
as observed on the Ti MEA  chip at a longer incubation period (11
ays), the Rmed and Rcell values reached 4.2 × 103 and 8.4 × 106 ,
ig. 9. Alteration of the Rmed and Rcell values from fitting EIS plots of Ti microelec-
rodes on MEA  chip in the size of 300 m × 300 m cultured with MG63 cells in the
owing electrolytic cell with cell culture medium within 11 days.Acta 85 (2012) 152– 161
respectively. The Rmed and Rcell values increased due to the com-
plicated growth process. The Rmed increased with the proliferation
of MG63 cells, indicating that the composition of proteins in the
medium was  changed by the cells. In the current study, a higher Rcell
value for Ti MEA  chip after 11 days of cell incubation was related to
a higher cell number in the Ti MEA  chip, which can be possibly due
to the proliferation of cells. However, irregular wavelike variation
of the other elements in the equivalent circuit was also observed.
4. Conclusions
We  successfully developed a transparent Ti MEA  chip system
integrated with Ag and HA, by which the high-throughput and
real-time microscopical and electrochemical measurements can
be simultaneously performed to follow the cell behavior during
long period of cell culture, and to evaluate the bioresponsibility of
biomaterials.
The Ti microelectrodes with thickness of 30 nm in the MEA  chip
were modified by selective electrochemical deposition with HA,
Ag, and Ag–HA, respectively, by using a multichannel current con-
trol procedure. The Ti MEA  chip shows a useful tool for in vitro,
noninvasive, label-free, biomaterial screening, through the anal-
ysis of the effect of biomaterial coating on the EIS behavior of
living cells. The EIS of living MG63 cells on different biomaterial
surfaces on the Ti MEA  chip was detected in two novel elec-
trolytic cells for evaluating the effect of Ag, HA, and Ag–HA coatings
on the cell behavior, comparing with the AC resistance of the
protein adsorption layer alone on the Ti microelectrode in the elec-
trolyte of a complete DMEM without cells. The equivalent circuit
(RoxQox)(RproQpro)(RcellQcell)Rmed with satisfactory fitting results
was proposed to hypothesize the schematic surface structure and
the corresponding electrochemical behavior of Ti MEA  chip during
the interaction of cell and materials. The current study reveals that
the existence of the coatings and the proliferation of cells influence
the interfacial behavior between Ti and the solution. The element
Rcell can be related to the bioactivity of coatings and to the prolif-
eration of cells. Better bioactivity was evaluated according to the
Rcell values in the following order: Ti–Ag–HA > Ti–HA ≈ Ti–Ag > Ti.
Our in situ monitoring Ti MEA  chip system was demonstrated to
be a promising tool in evaluating the bioresponsibility of biomate-
rials and studying the interaction between cells and biomaterials.
Further improvements in the multichip array system to fulfill the
needs of biomaterial screening applications are being considered.
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